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Abstract 
Determining free lime content in steelmaking slag is crucial for its safe reuse in road construction. A simple method has been recently developed to 
rapidly derive this value via cathodoluminescence (CL) imaging of steelmaking slag, previously quenched from 1000 °C to room temperature, according 
to the illuminated areas corresponding to free lime (luminescence peak at 600 nm). This quenching is required to obtain intense CL from free lime, but 
the mechanism of such signal enhancement is still unknown. Therefore, the present study investigated the mechanism by comparing the microstructures, 
CL images, and CL spectra of free lime in quenched and unquenched steelmaking slag. Large amounts of defects, including dislocations, were observed 
in the free lime emitting intense luminescence at 600 nm, whereas the samples without clear CL exhibited only a few defects. These results and previous 
studies suggest that the luminescence at 600 nm from free lime is enhanced by the CL originating from oxygen vacancies (380 nm); therefore, the 
enhancement of the intensity of the free lime CL peak could be attributed to the increase in the oxygen vacancies via quenching from 1000 °C to room 
temperature. 
Keywords : Cathodoluminescence; Free lime; Oxygen vacancy; Steelmaking slag; Quench; Scanning transmission electron 
microscopy; Luminescence enhancement; Scanning electron microscopy-cathodoluminescence system 
1. INTRODUCTION 
Iron and steel manufacturing industries have aggressively tackled the reduction and reuse of byproducts to comply with the current 
environmental regulations, which require minimizing waste disposal and achieving an environment friendly society. The steelmaking 
process leads to the worldwide production of huge amounts of steelmaking slag, a byproduct formed during conversion of carbon-rich 
molten iron or scrap into steel—conducted in basic oxygen furnaces (BOFs) and electric arc furnaces, respectively—and the refining of 
steel in ladle furnaces. Steelmaking slag has been mostly reused in road construction, e.g., to build road bases, subbase courses, pavement 
surfaces, concretes, and riverbanks (Jiang, et al., 2018; Juckes, 2003; Kambole, et al., 2017; Pan, et al., 2016; Panis, 1984; Wang, et al., 
2010; Yüksel, 2017). It usually contains 2–8 mass% of free lime (Juckes, 2003; Pan, et al., 2016), which remains in the form of calcium 
oxide (CaO) without reacting with the other compounds present in the slag. Free lime can cause volumetric expansion upon reacting 
with the moisture and carbon dioxide in the air (Amaral, et al., 2011; Chatterji, 1995; Wang, et al., 2010), leading to road fracturing; 
therefore, an upper limit of its content in steelmaking slag (Stewart, et al., 2018) or slag conditioning—a process that accelerates the 
hydration reaction of free lime by exposing the slag to air for several months, spraying it with hot water, or steaming it for a week— is 
required for applications in road construction (Juckes, 2003; Stewart, et al., 2018). Nonetheless, even after slag conditioning, the residual 
free lime can induce road expansion and cracks (Fisher & Barron, 2019; Kambole, et al., 2017). Therefore, determining the free lime 
content is important to safely use the steelmaking slag for road construction. The demand for a simple method to rapidly determine this 
parameter has recently emerged because the technique most commonly used so far—which involves ethylene glycol extraction, 
followed by the determination of the Ca content in ethylene glycol via titration, atomic absorption spectroscopy, or inductively coupled 
plasma-atomic emission spectrometry (Javellana & Jawed, 1982; Juckes, 2003; Kato, et al., 2014; MacPherson & Forbrich, 1937)—is 
a complicated and time-consuming procedure that requires skilled operations (Juckes, 2003; Kato, et al., 2014). X-ray diffraction (XRD) 
is also proposed for determining free lime content in slag (Juckes, 2003; Vaverka & Sakurai, 2014). Slag is required to be crushed into 
powder with the size below 32 μm and be mixed with CaO powder to acquire a relatively precise result. However, generally a method 
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to determine the free lime content via XRD is regarded as of low precision (Juckes, 2003). 
We have recently developed a method to determine free lime content of industrial steelmaking slag through cathodoluminescence (CL) 
or X-ray excited optical luminescence (XEOL) imaging, which is based on the illuminated areas corresponding to free lime (Imashuku 
& Wagatsuma, 2020a). CL and XEOL involve light emission by electron bombardment and X-ray irradiation, respectively. These 
techniques are simpler and quicker than the one involving ethylene glycol extraction. To obtain intense luminescence from free lime, 
which is exhibited as a CL peak at 600 nm, the slag must be previously quenched from 1000 °C to room temperature because free lime 
shows no clear luminescence in as-received industrial samples. Reactions of free lime with the moisture and carbon dioxide in the air, 
and with other mineral phases in steelmaking slag did not occur by the quench. However, it is still unknown how this heat treatment 
allows such an enhancement of the luminescence intensity of free lime. 
This study aims to identify the factors determining the enhancement mechanism. For this purpose, we examined the microstructures, 
CL images, and CL spectra of free lime in steelmaking slag before and after quenching from 1000 °C to room temperature. The findings 
of our research can help to not only understand the luminescence mechanism of free lime in steelmaking slag but also develop a strategy 
to enhance the luminescence intensity of luminescent materials. 
 
2. EXPERIMENTAL 
We analyzed the BOF slag by-produced by Nippon Steel Corp.; none of the slag samples underwent slag conditioning. The basicity 
(CaO/SiO2 ratio) and free lime content of these industrial slag samples were 3.41 and 3.33 mass%, respectively (Imashuku & 
Wagatsuma, 2020a). The concentrations of other components (e.g., CaO, SiO2, Al2O3, MgO, MnO, P2O5, S, and total Fe) were similar 
to those reported for typical BOF slags (Juckes, 2003; Naidu, et al., 2020; Nippon Slag Association, 2020). The sample surface was 
polished using 600, 1200, and 2400-grit abrasive papers and finished using 1-μm diamond slurry; then, the samples were placed for 5 
min in a box furnace pre-heated at 1000 °C in air and successively extracted and blown with argon gas for quenching to room 
temperature. After the quench, the sample surfaces were coated with a carbon layer with a thickness of approximately 10 nm using a 
carbon coater (VC-100, Vacuum Device Inc., Mito, Japan). The carbon layer can prevent the electrical charging and damage of the 
sample surface by the electron beam. 
The samples were observed and characterized by using a scanning electron microscopy (SEM) device (TM3030 Plus, Hitachi High-
Technologies Co., Tokyo, Japan), equipped with a silicon drift energy-dispersive X-ray (EDX) detector (Quantax70, Bruker Corp., 
Billerica, Massachusetts, USA), and a scanning transmission electron microscopy (STEM) system (JEM-ARM200F, JEOL Ltd., Tokyo, 
Japan). The compositions in the samples semi-quantitatively determined through ZAF correction without standard samples. For the 
STEM observation, we cut areas of the slag samples that were surrounded by the broken lines (Fig. 1(a-b)) using a focused ion beam 
instrument (Helios NanoLab 600i, FEI Co., Hillsboro, Oregon, USA). The acceleration voltage of the STEM microscope was set to 
200 kV. The CL images and spectra were acquired using a custom SEM–CL system, whose details have been previously reported 
(Imashuku, et al., 2017a, 2017b, 2017c, 2020a, 2020b, 2021; Imashuku & Wagatsuma, 2018, 2019a, 2019b, 2019c, 2020a, 2020b, 
2020c, 2020d, 2021; Tsuneda, et al., 2019). In brief, the CL images were captured through a quartz viewport attached to SEM instrument 
(Mighty-8DXL, TECHNEX, Tokyo, Japan) by a digital mirrorless camera (α7RII, Sony Corp., Tokyo, Japan) equipped with a zoom 
lens (LZH-10A-05T, Seimitu Wave Inc., Kyoto, Japan). The detectable wavelength range of this camera was 420–680 nm. The CL 
spectra were obtained using a spectrometer with the grating of HC-1 and the slit size of 200 μm (QE65Pro, Ocean Optics Inc., Largo, 
Florida, USA). The light emitted from the samples was collimated using an off-axis parabolic mirror having a 0.5-mm hole at the center; 
then, the collimated light was collected by a plano-convex lens attached to the tip of an optical fiber. The acceleration voltage and beam 




Fig. 1. Scanning electron microscopy (SEM) (backscattered electron) images of (a) a slag sample heated at 1000 °C for 5 min in air and 
then quenched to room temperature and (b) an as-received slag sample; the dashed boxes indicate the areas successively prepared for 
scanning transmission electron observation. (c) Cathodoluminescence (CL) image (exposure time: 1 s) of the area corresponding to (a). 
(d) CL spectrum (acquisition time: 10 s) of the area 1 in (a). 
 
3. RESULTS 
We investigated the microstructures of free lime in steelmaking slag before and after quenching from 1000 °C to room temperature to 
understand how this heat treatment enhances the CL intensity of free lime. The free lime samples were extracted from the areas 1 and 2 
indicated in Fig. 1(a–b) and their cross-sections were observed via STEM. The EDX analysis confirmed that the extracted material was 
free lime (Table 1). The quenched free lime (area 1) emitted an intense luminescence peak at 600 nm with a full width at half maximum 
(FWHM) of 58 nm (Fig. 1(c–d)). The CL spectrum was not affected by the electron beam because the CL peak intensity at 600 nm was 
constant when we continuously acquired the CL spectra on the area. This peak originates from the manganese (II) ions (Mn2+) dissolved 
into free lime (~3 wt%), substituting some of octahedrally coordinated calcium (II) ions (Ca2+) (Feng, et al., 2016; Tsuneda, et al., 2019). 
When CL spectra of ten areas comprising free lime in the quenched slag sample were acquired, the average intensity and wavelength 
(energy) of the CL peak related to free lime were 5685  1609 and 606.0  1.8 nm (2.05  0.01 eV), respectively. The CL peak intensity 
(6090) and wavelength (607.5 nm) in area 1 were within the average values, indicating that area 1 is a typical free lime in the quenched 
slag sample. In contrast, the free lime from the unquenched sample (area 2) emitted no clear luminescence for the exposure time of 1 s. 
This difference in the luminescence behavior of free lime before and after quenching agrees well with previous results (Imashuku & 




Table 1 Chemical compositions (in wt%) of the areas 1–3 shown in Figs. 1(a–b), and 3(b), determined via energy-dispersive X-ray 
spectroscopy. 
Area Mg Al Ca Mn Fe Total 
1 1.8  0.1 0.3  0.1 63.0  1.9 3.0  0.1 12.7  0.4 80.8  2.6 
2 1.5  0.1 0.3  0.1 69.3  2.1 3.1  0.1 11.3  0.4 85.7  2.8 
3 1.6  0.1 1.1  0.1 63.7  1.9 2.9  0.1 14.6  0.5 83.9  2.7 
 
Figure 2(a–b) shows the STEM cross-section image of the quenched free lime sample. The dislocations, which can be observed as gray 
fine lines and are indicated by arrows in Fig. 2(b), were much more abundant at the surface side (upper side of Fig. 2(b)) than at the 
inside; this may be due to the different cooling rate between the surface and the inside during quenching. The cooling rate at the free 
lime surface is faster than that at the inside because argon gas was blown on the surface of the slag samples during the heat treatment. 
As a result, more dislocations were introduced near the surface; such a large presence of dislocations near the surface suggests a 
correspondingly large amounts of defects, including vacancies, also in the same area. In contrast, the dislocations were uniformly 
distributed in the unquenched free lime sample (Fig. 2(c–d)) and their amount was similar to that of the dislocations at the inner area of 
the quenched one. These results suggest that the increase of defects in free lime after quenching might be responsible for its improved 
CL intensity. Several black or grey particles were observed in both samples; according to EDX analysis, these particles were made of 
wüstite (FeO–MnO solid solution). The precipitation of wüstite in free lime is reported in previous reports (Inoue & Suito, 1995; Niida, 
et al., 1983). When the samples were tilted to a different diffraction condition in STEM observation, the distributions of dislocations 
were not drastically changed, indicating that Fig. 2 represents typical distributions of dislocations in the samples. 
 
Fig. 2. Scanning transmission electron (bright field) micrographs of the cross-sections of free lime from (a) a slag sample quenched 
from 1000 °C to room temperature and (c) an as-received one. (b) and (d) are enlarged images of the regions enclosed in dotted boxes 
in (a) and (c), respectively; some of the dislocations are indicated by the arrows. 
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The STEM results (Fig. 2) indicate that high defect density in free lime contributes to the increase of its CL intensity. Based on this 
speculation, Fig. 2 (b) suggests that the CL intensity of the inside of the quenched free lime is much lower than that of its surface because 
the corresponding defect density is considerably lower that near the surface. Then, we acquired the CL image and spectrum of a 
quenched slag sample whose surface was polished using 1-μm water-free diamond slurry (Aka-Poly WF 1μm, Akasel A/S, Roskilde, 
Denmark) for 40 min; these data were compared with those of the same area before the polishing. Before polishing, the free lime areas, 
confirmed by EDX analysis Table 1 and Fig. S1 in Supplementary material), emitted intense luminescence at 600 nm (Fig. 3(a)). Iron 
and manganese uniformly distributed in area 3 (Fig. S1 in Supplementary material), indicating that fine wüstite particles were 
precipitated in the area as observed in the STEM images of free lime (Fig. 2). However, no clear luminescence was detected, for the 
same exposure time, after polishing (Fig. 3(c)), except for a small area that remained unpolished (area 4 in Fig. 3(d)). The CL intensity 
of quenched free lime decreased by ~250 times after surface polishing (Fig. 4 and Fig. S2 in Supplementary material). Therefore, these 
results further support our speculation that the defect density in free lime is related to its CL intensity. Based on the speculation, more 
intense luminescence is expected to be detected along grain-boundaries of free lime since more defects are generally introduced into 
grain-boundaries than grain interiors. However, such luminescence enhancement did not occur. For activators of luminescence (e.g., 
Mn2+ and defects in this case), the CL intensity generally passes through a maximum and then decays with increasing the activator 
contents (Marfunin, 1979). Thus, it is inferred that the amount of defects in the grain-boundaries of free lime may be larger than one 
exhibiting the maximum of the CL intensity. 
 
Fig. 3. (a and c) Cathodoluminescence (CL) and (b and d) corresponding scanning electron microscopy (SEM) images of a slag sample 
quenched from 1000 °C to room temperature, (a–b) before and (c–d) after surface polishing; all the images were obtained from the same 




Fig. 4. Cathodoluminescence spectra of the areas 3 and 5 shown in Fig. 3; the measurement time was 10 s. The spectra were smoothed 
using the adjacent-averaging method. 
 
4. DISCUSSION 
Our results suggest that the increase of defects in free lime enhances its CL peak intensity at 600 nm. However, it is unlikely that this 
peak originates from defects in free lime but from the Mn2+ ions (4T1g → 6A1g) dissolved into the free lime. Regarding luminescence 
related to defects in CaO, a previous work reported emission bands due to oxygen vacancies at 380 and 500 nm (Henderson, et al., 
1969); these bands are attributed to F+ centers consisting of a single electron trapped at an oxygen vacancy (2T1u → 2A1g) and F centers 
consisting of two electrons trapped at an oxygen vacancy (1T1u → 1A1g) (Carrasco, et al., 2006; Henderson, et al., 1969; Pogatshnik, 
1994; Wood & Wilson, 1975), respectively. Besides, another study reported an absorption band at 420 nm related to 6A1g→4T1g transition 
for Mn2+ ions in CaO (Feng, et al., 2016). Based on the reported emission and absorption bands for CaO and the general mechanisms 
(Blasse & Grabmaier, 1994; Gaft, et al., 2005; Gribkovskii, 1998; Marfunin, 1979; Yacobi & Holt, 1990), we propose a possible 
mechanism that can explain why the increase of defects in free lime enhances its CL peak intensity at 600 nm (Fig. 5). In general, 
electrons in the valence band of free lime are excited to its conduction band by electron bombardment with the electron beam. These 
excited electrons drop down near the edge of the conduction band (Yacobi & Holt, 1990). The electrons move to the lowest vibrational 
level of an excited state of 2T1u for the F+ centers of the oxygen vacancies in free lime; when the electrons in the 2T1u state are deexcited 
to a high vibrational level of the 2A1g ground state, luminescence with a peak at 380 nm (3.26 eV) is emitted. This luminescence excites 
the electrons of the Mn2+ ions in the lowest vibrational level of the 6A1g ground state to a high vibrational level of a 4T1g exited state. This 
excitation process occurs because the energy of the luminescence emitted from F+ centers (380 nm, 3.26 eV) is slightly higher than that 
of the absorption peak related to the 6A1g→4T1g transition for Mn2+ ions (420 nm, 2.95 eV); subsequently, the excited electrons return to 
the lowest vibrational level of the 4T1g excited state by releasing the excess energy to the surroundings without emission, that is, via 
relaxation (Blasse & Grabmaier, 1994). In the relaxation, the Mn2+ nuclei adjust their positions since the equilibrium interatomic 
distances for the 6A1g ground state are different from those for the 4T1g excited state. Then, when the electrons in the lowest vibrational 
level of 4T1g return to a high vibrational level of the 6A1g ground state, free lime emits luminescence at 600 nm (2.07 eV). This 
luminescence mechanism indicates that the oxygen vacancies in free lime are responsible for the luminescence at 600 nm. Therefore, 
the free lime in the quenched slag sample emitted intense luminescence at 600 nm because it contained large amounts of defects, 
including oxygen vacancies, while the as-received sample did not exhibit such luminescence at an exposure time of 1 s owing to its 
much fewer defects. Fe2+ is a well-known ion quenching luminescence. However, Fe2+ in free lime does not affect the CL peak at 600 




Fig. 5. Schematic diagram of the radiative transition related to luminescence from the F+ centers and Mn2+ ions in free lime. The relative 
positions of the energy levels for each state are based on previous studies (Carrasco, et al., 2006; Henderson, et al., 1969; Marfunin, 
1979; Wood & Wilson, 1975). v (v’) = 0 indicates the lowest vibrational level in the state. v (v’) = m, m’, and n indicate vibrational 
levels higher than their lowest levels. 
 
High 6A1g → 4T1g transition probability for Mn2+ in free lime is required to explain the drastic intensity enhancement of the CL peak at 
600 nm with the mechanism proposed here. Our previous study demonstrated this high probability since an intense CL peak was 
detected at 600 nm for a CaO sample containing only 0.01 mol% MnO and quenched from 1500 °C to room temperature (Fig. S3 in 
Supplementary material) (Imashuku, et al., 2020a). The proposed mechanism also implies that we could detect luminescence due to the 
F+ centers themselves when the amount of oxygen vacancies is much larger than that of Mn2+. In our previous report (Imashuku, et al., 
2020a), a broad CL peak was detected around 380 nm for the same quenched CaO sample containing 0.01 mol% MnO (Fig. S3 in 
Supplementary material). Therefore, these results confirm that the amount of oxygen vacancies in free lime determines its CL intensity 
at 600 nm. 
Based on the luminescence mechanism of free lime proposed in the present study (Fig. 5), we can conclude that the intensity 
enhancement for the CL peak at 600 nm of free lime after quenching from 1000 °C to room temperature is due to large amounts of 
oxygen vacancies introduced by the heat treatment. However, we did not directly observe the oxygen vacancies in free lime in the 
present study. Future work will focus on quantitatively evaluating the oxygen vacancies in free lime, e.g. by measuring the binding 
energy of oxygen via electron emery loss spectroscopy or Auger electron spectroscopy, to strongly validate the luminescence mechanism 
proposed here. The mechanism presented in this study, which states that luminescence related to oxygen vacancies could enhance the 




We investigated the enhanced emission in CL at 600 nm (2.07 eV) associated with the presence of free lime in industrial steelmaking 
slag after quenching from 1000 °C to room temperature by observing the free lime microstructure before and after the heat treatment 
via STEM. A significant number of dislocations were detected in the quenched sample, which could be responsible for the intense 
luminescence at 600 nm (2.07 eV); whereas the unquenched sample, which showed no clear luminescence at 600 nm (2.07 eV), 
exhibited much fewer dislocations. The results of this study and previous reports about the luminescence of CaO suggest that the 
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luminescence related to the free lime areas, which originated from Mn2+ ions substituting Ca2+ ones, is probably excited by the 
luminescence from oxygen vacancies in the free lime. Therefore, the increase in oxygen vacancies enhances the intensity of this CL 
peak after quenching. 
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Figure S3 CL spectrum of CaO containing 0.01 mol% MnO that was heated at 1500 °C for 5 min and quenched to room temperature. 
The measurement time for the CL spectrum was 0.1 s. 
 
 
